The first evidence for ultrahigh-pressure (P) metamorphism in the Greenland Caledonides is reported from kyanite eclogites and associated host gneisses on an island in Jøkelbugt. Polycrystalline quartz inclusions in garnet and omphacite exhibit palisade quartz rims that are a diagnostic feature of quartz pseudomorphs after coesite, thus providing textural evidence for ultrahigh-P conditions. Geothermobarometry on the mineral assemblage garnet ؉ omphacite ؉ kyanite ؉ quartz and/or coesite ؎ phengite confirms the microstructural interpretation of ultrahigh-P metamorphism. Peak pressure and temperature conditions (ϳ972 ؇C at 3.6 GPa) are well within the coesite stability field. The host gneisses are more retrograded than the kyanite eclogites and only record high-P conditions of 2.5 GPa at 826 ؇C; however, garnet contains polycrystalline quartz inclusions with radial fractures, suggesting that the gneisses also were subject to ultrahigh-P conditions. The presence of high-and ultrahigh-P metamorphism along the Laurentian and Baltica margins, the high temperatures recorded by the ultrahigh-P terranes in Greenland and Norway, and the absence of mantle peridotites in Greenland suggest that crustal thickening may have played an important role in the formation of an extensive orogenic root in the Greenland and Scandinavian Caledonides.
INTRODUCTION
The Greenland and Scandinavian Caledonides both expose enormous areas of continental crust that underwent eclogite facies metamorphism during the Silurian-Devonian collision between Baltica and Laurentia. The Western Gneiss region in Norway comprises ϳ50 000 km 2 of Baltica crust (Cuthbert et al., 2000) , and the North-East Greenland eclogite province, although 50% covered by ocean, is a comparably sized slice of Laurentian crust (Fig. 1 ). Taken together, these two coherent continental eclogite terranes represent the most extensive exposure of a deep mountain root on the planet. A discrete ultrahighpressure (P) terrane containing numerous coesite-bearing eclogites is now recognized within the Western Gneiss region (Smith, 1988; Wain, 1997; Wain et al., 2000) , although the exact boundary with the adjacent high-P rocks is difficult to define. Other important ultrahigh-P terranes developed in continental crust include the Chinese Dabie-Sulu terrane, the Alpine Dora Maira Massif, the Kochetav Massif in Kazakhstan (Liou et al., 1998) , and the Erzgebirge area of the Bohemian Massif (Nasdala and Massone, 2000) . Continental subduction is the favored mechanism for the formation of ultrahigh-P terranes (Andersen et al., 1991; Chemenda et al., 1996; Liou et al., 1998) , but the presence of eclogite facies terranes on both margins of the Caledonian orogen requires an inquiry into the extent to *E-mail: jane-gilotti@uiowa.edu. which crustal thickening may have contributed to eclogite formation (Dewey et al., 1993; Ryan, 2001) . This paper presents the first evidence for ultrahigh-P metamorphism along the Laurentian margin, which further confounds the problem of a plausible collision geometry for the orogenic root in the North Atlantic Caledonides.
GEOLOGIC SETTING
Orthogneisses derived from a 1.8 Ga calcalkaline intrusive complex, cut by 1.74 Ga granitoids, dominate the crystalline rocks of the Laurentian margin in the North-East Greenland Caledonides (Hull et al., 1994; Kalsbeek, 1995) . This Laurentian basement was thrust westward over Paleoproterozoic to Mesoproterozoic metasedimentary and basalt sequences, which were in turn thrust over the Neoproterozoic to Silurian continental margin (Fig. 1A) during the Caledonian collision with Baltica (Higgins and Leslie, 2000) . A 400-kmlong swath of this continental crust contains lenses and layers of mafic eclogite (Fig. 1A) , and is known as the North-East Greenland eclogite province (Gilotti, 1993) . The Greenland eclogites record medium-temperature, high-P conditions, i.e., ϳ750 ЊC and 1.5-2.3 GPa (Elvevold and Gilotti, 2000) , typical of eclogites formed during continent-continent collision (Carswell, 1990) . The high-P metamorphism is Caledonian in age, between 449 and 362 Ma . The high-P rocks include lenses of eclogites sensu stricto, garnet clinopyroxenites, garnet websterites, websterites, and coronitic metagabbros enveloped by strongly deformed, amphibolite facies, quartzofeldspathic orthogneiss. Protoliths of the eclogite facies rocks were mainly preCaledonian mafic dikes and plutons that were part of the crust before the entire slab was subjected to high-P metamorphism.
KYANITE ECLOGITES
Four kyanite eclogite localities are known in the North-East Greenland eclogite province. The ultrahigh-P locality is located on an island at 78Њ00ЈN, 18Њ04ЈW, informally known as Rabbit Ears Island. The UTM coordinate for the best locality is zone 27ϫ WG 548 100, 8 659 900 m. Completely exposed blocks of interlayered, isoclinally folded, decimeterscale, kyanite and bimineralic eclogite bands form a string of boudins that can be traced for 2 km north-northeast along strike. Individual blocks to 50 m wide and 100 m long are within clinopyroxene-bearing, quartzofeldspathic gneisses. The Danmarkshavn kyanite eclogites occur in similar layered boudins, whereas the other two localities are small, isolated, homogeneous lenses. The kyanite eclogites are interpreted as anorthositic parts of Precambrian layered mafic intrusions that were dismembered during the Caledonian orogeny. The Rabbit Ears Island rocks contrast with the other three kyanite eclogites in being less retrograded and in showing textural and compositional evidence for ultrahigh-P metamorphism. It is also the only known locality in the Greenland Caledonides where eclogite facies parageneses are preserved in the surrounding gneisses. Samples are identified by six digit numbers that are part of a Geological Survey of Denmark and Greenland database.
TEXTURAL EVIDENCE
The index minerals for ultrahigh-P metamorphism, coesite and diamond, have not been found in the Greenland eclogites; however, numerous inclusions of polycrystalline quartz are interpreted to be pseudomorphs after coesite. Quartz inclusions are common in garnet, omphacite, and kyanite (Fig. 2) . The inclusions are circular to rectangular in shape, to 500 m in diameter. The quartz inclusions are surrounded by prominent radial fractures (Fig. 2 , A and D) that characteristically form during the 10% volume increase from coesite to quartz. Palisade quartz forms an outer ring around very finely recrystallized quartz in a number of inclusions. The palisade quartz microstructure is diagnostic of quartz pseudomorphs after coesite (Chopin and Sobolev, 1995; Hacker and Peacock, 1995) . Many of the polycrystalline quartz inclusions recrystallized during decompression, producing rather coarse-grained quartz aggregates with strongly polygonized grain boundaries (Fig. 2E ). This type of polycrystalline quartz inclusion, replete with radial fractures, has been found in garnet within the host gneisses. Single crystals of quartz with radial fractures are also common. Even in well-documented ultrahigh-P terranes, such as the Dabie Mountains in China and the Western Gneiss region of Norway, the preservation of coesite is quite rare in comparison with the abundance of the various polycrystalline quartz inclusions (e.g., .
PETROLOGY AND MINERAL CHEMISTRY
The ultrahigh-P mineral assemblage in the kyanite eclogites is inferred to be garnet ϩ omphacite ϩ kyanite ϩ coesite ϩ phengite ϩ rutile. Garnet is anhedral and commonly elongate parallel to the foliation. Garnet is continuously zoned with patchy, high Ca cores (Alm 26 Prp 35 Grs 38 Sps 1 ) and high Mg (Alm 35 Prp 43 Grs 21 Sps 1 ) rims. The zoning apparently reflects compositional reequilibration during decompression. Large anhedral and flattened omphacite grains range in composition from Jd 49 to Jd 32 . Omphacite is zoned, the highest Na values being in the cores of grains and Ca increasing toward the margins. Kyanite forms laths in the eclogite matrix, and comprises only a few modal percent of the rock. In addition to the polycrystalline quartz pseudomorphs after coesite, matrix quartz grains are also present. Small grains of rutile are found along phase boundaries and as inclusions in garnet and omphacite. Large primary laths of matrix phengite are entirely replaced by biotite ϩ plagioclase symplectites (Fig. 2F) , and phengite inclusions are rare. Sample 434446 contains one phengite inclusion in kyanite (Si ϭ 6.59 cations per formula unit based on 22 oxygens) that was used for thermobarometry. Polyphase inclusions of kyanite ϩ omphacite Ϯ quartz Ϯ rutile are common in garnet and often occur in the same grains as the polycrystalline quartz inclusions.
All eclogites show signs of retrograde metamorphism in addition to compositional zoning. Omphacite is partially replaced by lower Jd clinopyroxene ϩ plagioclase symplectites, either the very fine grained, lobate type or a medium-grained, globular variety. In places, thin rims of green amphibole ϩ plagioclase are developed around garnet and omphacite. Amphibole ϩ plagioclase partly replace inclusions of omphacite in garnet. Thin halos of plagioclase envelop kyanite grains, but the complex sapphirine-bearing symplectites described from the Weinschenk Island (Elvevold and Gilotti, 2000) kyanite eclogites are not present here. Calcite is a late-stage alteration phase that fills fractures, and replaces quartz in both the matrix and inclusions (Fig. 2A) .
The host gneisses are more retrograded than the eclogites, but the eclogite facies assemblage (garnet ϩ omphacite ϩ quartz ϩ rutile Ϯ kyanite Ϯ phengite) is beautifully preserved as inclusion suites in garnet. In sample 434454, for example, a single garnet crystal contains one inclusion each of omphacite, kyanite, and phengite. In contrast, the matrix phases in the gneiss comprise a disequilibrium assemblage of quartz ϩ plagioclase ϩ garnet ϩ clinopyroxene ϩ amphibole ϩ biotite ϩ epidote/clinozoisite ϩ titanite Ϯ kyanite. Clinopyroxene is being replaced by amphibole, biotite has grown at the expense of phengite, and rutile has broken down to form titanite. Many of the phases exhibit pronounced compositional zoning.
GEOTHERMOBAROMETRY
A second line of evidence for ultrahigh-P metamorphism in the Greenland Caledonides comes from standard geothermobarometric methods. Phengite barometry applied to kyanite eclogites has been an important tool for distinguishing between eclogites formed in the quartz stability field versus those formed in the presence of coesite (e.g., Carswell et al., 1997; Terry et al., 2000; O'Brien et al., 2001) . The preservation of a few phengite inclusions in the eclogites from Rabbit Ears Island makes this technique possible. Our pressure-temperature (P-T) estimates are based on new, internally consistent, geothermobarometric formulations for the assemblage garnet ϩ clinopyroxene ϩ kyanite ϩ phengite ϩ quartz and/or coesite (Ravna and Terry, 2001) . We have applied calculations using Ravna and Terry's (2001) expressions based on the nettransfer reactions: 1 grossular ϩ 1 pyrope ϩ 2 coesite ϭ 3 diopside ϩ 2 kyanite (phn) (1) and 3 celadonite ϩ 2 grossular ϩ 1 pyrope ϭ 6 diopside ϩ 3 muscovite (ky, SiO ).
(2)
These two reactions intersect at an invariant point at a fairly large angle; thus they uniquely define P and T for the assemblage. Omphacite with the highest jadeite content, garnet with maximum (X Ca 2 )(X Mg ), and phengite with the highest Si content were used to calculate peak P conditions (Table DR-1) 1 . These particular compositions were located with the aid of the X-ray composition maps. We also calculated minimum P conditions for the same assemblages using the lowest-Ca garnets, least sodic omphacites, and lowest-Si white micas, all of which represent rim compositions. Ultrahigh-P conditions are documented in the kyanite eclogites by the intersection of the two reaction curves from the Ravna and Terry (2001) thermobarometer at P ϭ 3.60 Ϯ 0.41 GPa and T ϭ 972 Ϯ 93 ЊC (Fig. 3A) , well within the coesite stability field. The garnetclinopyroxene Fe-Mg exchange thermometer (Ravna, 2000) returns temperatures that are too high because of the assumption that all Fe is ferrous (needed to account for Na Ͻ Al in omphacite). P-T conditions recorded by the retrograde mineral-rim compositions in the same sample are 2.77 Ϯ 0.41 GPa and 852 Ϯ 86 ЊC (Fig. 3B) , still quite high and consistent with a rock that has cooled and decompressed from ultrahigh-P conditions. Application of the same technique to the garnet and inclusion suite in the previously described host gneiss (sample 434454) gives maximum P conditions of 2.54 Ϯ 0.41 GPa and 826 Ϯ 97 ЊC (Fig.  3C) . We interpret this as a retrograde signature following ultrahigh-P metamorphism because garnet in the host gneisses contains polycrystalline quartz inclusions after coesite. The program THERMOCALC (Powell and Holland, 1988) with the database of Holland and Powell (1998) and the same activity models used in our geothermobarometric calculations returns temperatures within 10 ЊC and pressures within 0.02 GPa of those we calculate.
DISCUSSION AND CONCLUSIONS
Our discovery of ultrahigh-P metamorphism in eclogites and gneisses at one locality is probably the tip of the iceberg in terms of defining a sizeable ultrahigh-P terrane in North-East Greenland. The growing recognition of extensive ultrahigh-P metamorphism around the world suggests that additional research will turn up more localities. The discovery of microdiamond-bearing garnets (Nasdala and Massone, 2000) in eclogites from the Bohemian massif that only recently were found to contain polycrystalline quartz inclusions (Schmädicke, 1991) illustrates this trend. We predict that a larger ultrahigh-P terrane will be discovered on the islands in Jøkelbugt, where high-grade, clinopyroxenebearing gneisses are best preserved.
Subduction of continental crust is the pre-1 GSA Data Repository item 2002055, ferred mechanism for forming ultrahigh-P terranes because it can account for rocks being transported to the depths in excess of 100 km required to form coesite. Continental subduction also provides a low geotherm that accounts for temperatures below 750 ЊC common to most ultrahigh-P terranes, and it explains the presence of mantle peridotites in many ultrahigh-P terranes (Liou et al., 1998; Searle et al., 2001 ). An alternative mechanism is crustal thickening via imbrication by thrust stacking and/or a vertical stretch in pure shear. Ryan (2001) argued that the Caledonides are a candidate for crustal thickening because of the presence of large coherent eclogite facies terranes in continental crust on both sides of the orogen. This symmetry is further enhanced by the discovery of ultrahigh-P rocks on the Laurentian margin. Ryan (2001) produced numerical models showing that conditions for high-P and even ultrahigh-P metamorphism can exist within an overthickened orogenic root, provided the majority of the crust converts to eclogite facies rocks, and that the enthalpy of eclogite forming reactions will heat the crustal root. Temperatures above 900 ЊC estimated for the Greenland ultrahigh-P locality and 791-845 ЊC , or somewhat lower (Cuthbert et al., 2000) , for ultrahigh-P metamorphism in western Norway fit a crustal thickening scenario with a higher geotherm than subduction zones. Mantle peridotites, common in the Western Gneiss region and indicative of crust-mantle interaction (Brueckner, 1998) , are absent in the NorthEast Greenland eclogite province, suggesting that the Greenland margin may not have been subducted.
Better models that can explain the extensive high-P and more local ultrahigh-P metamorphism in the North Atlantic Caledonides hinge on determining the timing of eclogite formation on both margins. Simultaneous eclogite formation late in the collision (ca. 400 Ma) would perhaps support eclogite formation in a crustal thickening environment, whereas disparate ages older than 400 Ma might indicate separate subduction events of each continental margin. Eclogites formed early in the IndoAsian collision, but predate Eo-Himalayan and Neo-Himalayan continental thickeningrelated metamorphism (O'Brien et al., 2001) . However, there is speculation that material at the bottom of the Himalayan pile is currently undergoing eclogite facies metamorphism (cf. Sapin and Hirn, 1997; Searle et al., 2001) . The eroded remnants of the North Atlantic Caledonides expose the largest known expanse of continental eclogite terranes on Earth; their further study will eventually lead to a better understanding of the fate of deeply buried crust during continent-continent collision.
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